The Lehmann discontinuity at 220-km depth is an important global feature which occurs under both oceans and continents. It is a barrier to penetration by young lithosphere and marks the base of seismicity in regions of continent-continent collision. The strong lateral variation in upper mantle velocities occurs mainly above this depth. Continental roots extend no deeper than about 150-200 km. The basalteclogite transformation and eclogite-harzburgite separation may be responsible for the geometry of intermediate depth earthquakes. Oceanic and continental geotherms converge above about 200 km and become less steep than the melting gradient at greater depth. This implies a low viscosity channel near 250 km. This would give a decoupling zone of maximum shear beneath continental shields. The Lehmann discontinuity may be the interface between two distinct geochemical reservoirs. The velocity jump, and the inferred density jump, at 220 km are consistent with an increase in garnet content. The mantle may be garnet lherzolite above and eclogite immediately below the Lehmann discontinuity. The transition region may be mainly eclogite and be the source region for oceanic tholeiites.
INTRODUCTION
Continental lithosphere is much thicker than oceanic lithosphere, but the question of how thick a section of continent translates coherently during continental drift has not yet been adequately addressed. The bottom of the low-velocity zone is usually considered to be the bottom of the asthenosphere and it has been presumed that coherent translation of both oceanic and continental plates takes place above some 200 km. This basic assumption of plate tectonics is contrary to the idea that ontinents have roots deeper than 400-500 km [MacDonald, 963; Jordan, 1975 Jordan, , 1979a .
Surface wave studies have shown that there are large differraces between oceans and shields above about 220 km [Dornan et al., 1960; Brune and Dorman, 1963; Anderson, 1967a; Kanamori, 1970; Dziewonski, 1971] . Recently, Cara [1979] has made a detailed study of regional differences using higher mode surface waves. He found strong regional variations between the Pacific Ocean, western U.S., and eastern U.S. above 250 km and no resolvable difference below this depth. England et al. [1978] made a direct comparison of upper-mantle structure under the North Atlantic and Arctic oceans and the old shield of the Russian platform. Even when maximum differences between the regions were allowed the P wave data could be satisfied by velocity models which were substantially the same below 300 km. Cara's models are shown in Figure 1 . Okal and Anderson [1975] used multiple ScS phases to sample the earth under various geological provinces including oceans and shields. They' concluded that the observations were consistent with known differences above about 180 km.
There is therefore good agreement between the body wave and surface wave data. Jordan [1975] , however, proposed that ocean-continent differences extend deeper than 400 km and that the region which translates coherently in the course of plate tectonics may occupy the entire upper 700 km of the mantle. This proposal has reopened the question of the deep structure of continents.
THE DEEP STRUCTURE OF CONTINENTS
Prior to the recognition that attenuation was important in interpreting free oscillation periods, it was thought that average earth shear velocities were appreciably slower than conti- There are more direct ways to isolate the effect. The velocity structure of the upper mantle has been studied in many regions by body wave and surface wave techniques. These studies give remarkably consistent results when the average travel times above 200 or 250 km are calculated. Table 1 dicates that it is variable in depth. The depth range depends on the density contrast but need only be a few kilometers.
Thus there is a variety of evidence of support of an important discontinuity near 220 km. This discontinuity affects seismicity and may be a density or mechanical impediment to slab penetration. It marks the depth above which there are large differences between continental shields and oceans. We propose that all these observations are consistent with mechanical barriers near the 670 km and Lehmann discontinuities. A small intrinsic increase in density, due to a change in chemistry, is a very effective brake to penetrative convection. For example, a 3% difference in intrinsic density can be offset only by a large temperature differential of 1000øC. A similar decrease in temperature is required to elevate the olivinespinel phase boundary to 250 km in the slab. There is a relationship between age of subducted plate and penetration depth [Vlaar and Wortzel, 1976] , suggesting that thin lithosphere cannot subduct to great depth. Old lithosphere on the other hand is not only colder but may be intrinsically denser if it grows by freezing eclogite onto its base.
We believe that the seismicity patterns may be controlled by.the mantle discontinuity near 220 km. There are no important first-order phase changes in the mantle near this depth [Ringwoo& 1975 ]. This plus the sharpness of the discontinuity suggest that there is a chemical change. An increase in garnet content is the most reasonable way to increase the density. The Lehmann discontinuity may be the boundary between depleted and fertile lherzolite or between peridotite and ec1ogite.
In regions of continent-continent collision the distribution of earthquakes should define the shape and depth of the collision zone. The Hindu Kush is characterized by a seismicity pattern terminating in an active zone at 215 km [Santo, 1969] . A pronounced minimum in seismic activity occurs at 160 km. Again, the Lehmann discontinuity appears to mark the lower boundary of the moving plates.
We propose that the harzburgite portion of the slab remains above -•250 km and only old slabs can penetrate deeper. The eclogite part of the lithosphere is denser than spinel or garnet peridotite. We suggest that it is a density barrier rather than a strength barrier that is responsible for the distribution and stresses of intermediate depth earthquakes. With this model only the eclogite portion of the lithosphere can penetrate below 220 km and the uppermost mantle will be rich in olivine and orthopyroxene. The upper mantle below the Lehmann discontinuity is richer in garnet.
The composition of the mantle between 220 and 670 km is the subject of a separate paper. The seismic data are consistent with eclogite in this region. This may be the source, as well as the sink, of oceanic crust. The adiabatic gradient is less than the critical gradient. Therefore below some 200 km the shear velocity should increase with depth and the K/t• ratio should reverse, as observed. This is also the depth at which the geotherms are closest to the melting point of mantle minerals. This is the condition for minimum viscosity.
The temperature structure between shields and ocean basins leads to substantial differences in viscosity. The viscosity •/ depends on stress, temperature, and pressure. For dislocation climb [Nabarro, 1967] There has been to date no seismic study which has detected resolvable ocean-shield differences in velocity below about 250 km. The large observed variation in ScS times can be accounted for by changes above this level which also corresponds to a seismic and seismicity discontinuity. Deeper variations also exist but there is no evidence that they are rigidly coupled to shallower plate motions. The study of deep lateral variations by combining seismic data of different types is complicated by the necessity of allowing for anelasticity, anisotropy and lithospheric aging.
The most detailed recent studies are England et al. [1978] for body waves and Cara [1979] for surface waves, including higher modes. In these studies the geometry and analysis techniques were particularly favorable for detecting such differences if they exist. Known variations above -•250 km are consistent with observed ScS times.
The geotherms under young oceans join the 1300øC adiabat at relatively shallow depths, -• 150 km. Temperatures under older oceans and shields converge above about 200 km and join the 1300øC adiabat near 220 km. This will be a minimum viscosity channel and the recoupling zone for continental plates. Continental collision earthquakes will be mainly above this zone. The Lehmann discontinuity is probably due to a change in chemistry and represents a density barrier to slab penetration. The eclogitic portion of the oceanic lithosphere, however, can penetrate this barrier. Separation of eclogite and residual harzburgite may be responsible for intermediate depth earthquakes and the steepening of the seismic zone.
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